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' DIFFUSION OF SMALL-SCALE DENSITY IRREGULARITIES
DURING EQUATORIAL SPREAD F

I. INTRODUCTION
Over the past few years a considerable amount of effort has

been directed at understanding the physical processes associated
with equatorial spread F. MajJor advances have been made both

experimentally (Kelley et al., 1976; Woodman and La Hoz, 1976;

McClure et al., 1977; Huba et al., 1978; Weber et al., 1978:

Tsunoda and Towle, 1979; Towle, 1980; Tsunoda, 1980,

Szuszczewicz et al., 1980; Tsunoda, 1981; Rino et al., 1981;

Keskinen et al., 1981) and theoretically (Haerendel, 197k;

Hudson and Kennel, 1975; Scannapieco and Ossakow, 1976; Chaturvedi

and Ossakow, 1977; Ott, 1978; Ossakow and Chaturvedi, 1978; Coste

and Kelley, 1978a,b; Huba et al., 1978; Ossakow et al., 1979;

Keskinen et al., 1980; Zalesak and Ossakow, 1980; Sperling and

Goldman, 1930; Keskinen et al., 1981: Huba and Ossakow, 198la,b; for

a complete review through 1980, see Ossakow, 1;81) in this area.
Presently, much of the research on spread F is focussed on small-
scale irregularities; that is density fluctuations occurring on
scale lengths less than several hundred meters. A brief overview
of this work is as follows.

The first indication of small-scale density fluctuations
being present during equational spread F is the 3 m backscatter
radar measurements made at Jicamarca in the eariy seventies

(Farley et al., 1970). Since the mean ion gyro-radius is ~ 4 m,

these observations show that turbulence exists on scale lengths

smaller than the ion gyro-radius. Moreover, power spectral den-

sity and radar backscatter measurements (Woodman and Basu, 1978)
Manuscript submitted March 26, 1980.
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suggest that the ac%unl observed 3 m radar backscatter power is

substantially below (3-4 orders of magnitude) the extrapolated

-

in situ k~° spectrum from longer wavelengths (i.e., <100 m).
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j
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Thus, the 3 m irregularities do not appear to be caused by a i
turbulent cascade of energy from smaller wave numbers. Recently,
backscatter measurements have been made using the ALTAIR (duba

et al., 1978; Towle, 1980; Tsunoda and Towle, 1979; Tsunoda,

1981) and TRADEX (Tsunoda, 1980) radar systems at Kwajalein and
have f?und fluctuations at 1 m, 36 cm, and 11 ecm. It appears
then that turbulence even exists at wavelengths comparable to
the mean electron gyro-radius (~3 cm).

In situ satellite (McClure et al., 1977) and rocket (Xelley

et al., 1976; Morse et 8l., 1977; Szuszczewicz et al., 1980) ex-

periments have also been performed during equatorial spread F. The

mejor result relevant to the small-scale irregularities is the ob-

‘ servation of steep plasma density gradients (Costa and Kelley,

1978a; Kelley et al., 1781; Szuszczewicz, private communication,

1980). These sharp density gradients presumably arise from the
nonlinear development of plasma macroinstabilities (e.g.,

Rayleigh-Taylor). Density gradient scale lengths have been ob-
served as small as 30 m, although typically they are 275 m. 1
Also, correlative studies indicate that the strongest radar back-
scatter signals ccincide with the walls of plasma bubbles, i.e.,

regions of steep density gradients (Szuszczewicz et al., 19£0;

Tsunoda, 1981). Based on these observations, the mos* pleusible

explanation for the small-scale irregularities is the excitetlon

of drift waves. In the wavelength regime eriS 1 (rLi is tte

, near ion gyro-radius), which corresponds to scale-sizes greater




than 25 m, the universal drift (collisionless; Costa and Kelley,

1978a,b), or drift dissipative (collisional; Goldman and Sperling,

1980; Huba and Ossakow, 1979a) instabilities may be operative de-

pending upon the physical parameters (e.g., collision freguenc-
ies). However, at wavelengths corresponding to the 3 m irregul-
arities, ion viscuous camping prevents the linear excitation of
these instabilities for typical spread F conditions (Huba and
Ossakow, 1979a). It has been suggested that these irregulari-
ties may be generated via a parametric process driven by a large-

amplitude, long wavelength mode (Huba and Ossakow, 1979a). On the

other hand, the generation of the 1 m, 36 cm and 11 cm irregular-
ities are probably due to the lower-hybrid-drift instability (or
possibly the drift cyclotron instability) which exists in the re-

gime kr < l, where r is the mean electron gyro-radius (Huba

Le™ Le
et al., 1978; Huba and Ossakow, 1979b; Huba and Ossakow, 1981a,b)

A question naturally arises: what is the influence of the
drift wave turbulence on the evolution of the plasma? Laboratory
experiments indicate that the dominant effect is anomalous d4if-
fusion of plasma across the magnetic field to smooth out density
gradients. That is, particles interact with the collective elec-
tric fields associated with the instability and are able to scat-
ter across field lines. Thus, in general, drift instabilities
act to destroy the free energy source which drive them, i.e , the
density gradients. Of course, the ionospheric F region is not
collisionless and the classical electron-ion collision frequency can

be significant (i.e.,vcl/iﬁ_w 1-5 where Voo is the classical




electron~ion frequency and Qi is the ion gyro-frequency) de-

pending on the value of the density. Coulomb collisions may al-
8o be important in the cross-field diffusion of plasma. Collis-
ions with neutral particles also occur but are less frequent than 3

electron-ion collisions at altitudes above 300 km.

Observationally, diffusion appears to be the dominant
mechanism which smooths out the steep density gradients; those

such that Ln £ several hundred meters where Ln is the density

gradient scale length. By this we mean the following. 1In the
hierarchy of small-scale irregularities responsible for the
radar backscatter measurements, the smaller the irregularity
size, the steeper the density gradient scale length required to
support it. Very sharp density gradients (Ln,S 100 m) are
necessary to excite the lower-hybrid-drift instability which is
responsible for the 1 m, 36 cm, and 11 cm irregularities. On

the other hand, weaker density gradients (Ln,Z 160 m ) can

drive the longer wavelengths modes (kr 1) whieh are probably

Li5
necessary to generate the 3 m irregularities. Since the time
scale associated with a diffusion process is TD\‘X2/D (A is a
scale length and D is the diffusion coefficient), the shortest
density gradient scale lengths diffuse away first. Thus, one
would expect the smallest scale irregularities to dissappear
first in the decay phase of equatorial spread F and this, in
fact, seems to be the case (Basu et al., 1978; Basu et al., 1980).
The purpose of this paper is to examine both clsasical and

anomalous diffusion processes for equatorial spread F conditions.

As such, we will neglect all driving forces, which generate

un i’




equatorial spread F irregularitites, and consider the pure dif-

fusive decay of such irregularities. We focus on the steeper

[P PR VY

density gradient scale lengths (i.e., Ln < several hundred

meters), since diffusion is much too slow to be important in the

evolution of the large-scale irregularities (LdZ 1 km). Our

main conclusion is that anomalous diffusion is the dominant dif- i

fusion mechanism for spread F.

The scheme of the paper is as follcws. In the next section }
we present the diffusion equation and a discussion of the diffus-
ion coefficients considered. For the anomalous diffusion coef-
ficient we base our analysis on the universal drift instability.
In Section IXII we discuss this choice of the anomalous diffusion
coefficient. Section IV contains the results of a numerical a-
nalysis of the diffusion equation for both classical and
H anomalous diffusion coefficients. 1In the final section we apply
‘ our results to equatorial spread F. We 8lso present similarity

solutions to the diffusion equation in the Appendix.

II THEORY

We consider the problem of cross-field diffusion of plasma
in a low B plasma (B<<l, where B=8wn(Te+Ti/B2)). The one-

dimensional diffusion equation can be written as

on 9 an
on . 9. = 1
t ax(D 8x) (1)

where [Perkins et al., 1973]

8 [
D = \)e1 ‘2" —_— (2)




Vg "is the electron-ion collision frequency (either classical
or anomelous) and Woe = (hﬂnez/me);2 is the electron plasma fre-
quency. Note that we assume a one~dimensional slab geometry
which is adequate for small-scale spread F irregularities. The
one dimensionality simplifies the analysis, of course, but it

is a reasonable assumption given that the irregularities during
ESF are generated by steep gradients, e.g., the walls of bubbles.

Also, we assume Te = Ti and have neglected electron-neutral

collisions.

We choose the following collision frequencies for our

analysis:

2 1

3
H = - S / - N
Classical: Vei ch-(lc/3.5 x 10 )(ne/Te ) sec (3)

Q (4)

Anomalous: v *Von = (2n/9) Ien rLiI e

ei

In Equations (3) and (4) A, is the Coulomb logarithm
=1

(A, = 23.4-1.15 log n_ + 3.45 log T ), e = [d on n/d | = 1/L_
where Ln is the density gradient scale length, Ly is the mean
ion gyro-radius, Qe is the electron gyro-frequency, n, 18 in
cm'3 and Te is in eV. The anomalous collision frequency used
is based upon the anomalous transport properties agsociated with
the universal drift instability (Gary, 1980). We discuss this
choice shortly. These collision frequencies lead to the follow-

ing diffusion coefficients:




o
Classical: D e = Veu pgs (n/no) (5)

]
o]
\

4m

. = K -
Anomalous: D Dan len rLilpes ﬂe (&)

X .
where Peg = BTe/Ti)/me] /Qe is an effective electron gyro-

o

densit d = =
radius, n_ is a normalization density an ch vcz(ne no).
From Eqs.(5)-(7) it is evident that
o
D v 1
cl ch -
D ¥ Q ley T4l (7
an e

Thus, for typical spread F conditions it is found that Dcz<<Dan
and one expects anomalous diffusion to dominate over classical
diffusion.

We finally substitute Eqs. (5)-(7) into Eq. (1) and arrive

at the following diffusion equations:

9
., 8m _ o — n_ 3n
Classical: 5t Vep Pos Bx ( n_ ax) 8)
an % ] an
. an  _ an .2 9_ . an
Anomalous: ot 9 Ye Pes 3x(|€n ILil ax) )
We now transform to dimensionless variables and obtain
an 5 [~ on
Classical: Fcz- 3—8"(!1 a—s') (10)




-

[)2 r_ .
B =na/n ;s = x/A; 1 L. ——%5 SRTEN
no= A, *Yan T 9 T A (a,t)

Clearly, Egs. (10) and (11) are non-linear partial differential
equations. We solve them numerically as initial value problems
in See¢tion IV. They also possess similarity solutions which
offer some insight into the scaling of diffusion process. We
discuss these solutions in the Appendix. However, we now discuss

our choice of the anomalous diffusion coefficient.

III. ANOMALOUS DIFFUSION

As mentioned earlier, the collective electric fields as-
sociated with a plasma instability driven by a density gradient
can cause particles to be scattered across magnetic field lines,
which leads to anomalous diffusion of plasma. This process can
eventually smooth out the density gradient and suppress the
instability. Several estimates of the anomalous diffusion co-
efficient for this phenomenon have been given based upon a

variety of physical arguments. Perhaps the best known is

< 2
D.n S Y/kJ_ (12)

which 1is derived heuristically by Kadomtsev (1965) for a
strongly turbulent plasma (i.e., v ™ W wher~ y = W, + 1ivy).

More sophisticated derivations of this relationshiv have been

presented although there are criticisms of this estimate.




Nevertheless, Eq. (12) is used frequently, primarily because of
its simplicity.

An alternative procedure to estimate the anomalous dif-
fusion coefficient is based upon quasi-~linear theory. Second-
order Vliasov theory is used to define an anomalous collision
frequency which can then be determined from the linear pro-
perties of the mode and the saturation energy of the instability.
The diffusion coefficient is then found from Eq. (2).

In this paper we opt for the second approach and base our
analysis on the universal drift instability, i.e., collisionless

drift instability. (It should be noted that Kelley et al., 1981,

have suggested that collisionless drift mode waves are the most
likely candidate for the observed electric field and density
fluctuation spectra in the 10-100m regime). The details of this
method are outlined by Gary (1980) and we do not reproduce them
here. However, several comments should be made. First, the
estimate of Dan given by Eq. (T7) is, in fact, comparable to

that of Eq. (12). Second, Eq. (7) explicitly contains the den-
sity gradient which is consistent with the notion that dif-
fusion occurs in regions that are unstable. This dependence on Ln
leads to the nonlinearity of the diffusion equation. Finally,

other instabilities, such as the drift dissipative (collisional

drift instability) (Goldman and Sperling, 1979) or the lower-

hybrid-drift instability, could also be relevant. whether the
universal drift instability is excited deperds upon the classical

electron-ion collision frequency v which, in turn, depends

e’




upon the density. Typically, \)c.m/ﬂi v 0.8-5 for electron density
N 6 -
in the range 10 - 10 cm 3. For unstable modes in the regime

eri < 1 it is found that the drift instability is neither

purely collisionless, nor purely collisional (Huba and Ossakow,

1979a). Also estimates of the diffusion coefficient associated
with the drift dissipative instability are comparable to that
of the universal drift instability (Kadomtsev, 1965). Thus,
although collisicns affect the universal drift instability for
typical spread F conditions, use of the anomalous diffusion co-
efficient associated with this mode is Justified since it is
qualitatively accurate (i.e., DwLn-l) and is quantitatively ac-
curate to within a factor of 2 or 3. On the other hand, the
anomalous diffusion coefficient of the lower-hybrid-drift in-

stability is substantially smaller than that of the universal

drift instability and can be neglected (Gary, 1980).

IV. NUMERICAL RESULTS

We solve Egqs. (10) and (11) numerically as an initial value
problem using a leap-frog scheme for the temporal variation and
a fourth-order, finite difference scheme for the spatial varia-

tion. We choose as the initial density profile

1
n (8, 1=0) = (l-¢) [1-+e tanh s) (13)

where 0 <e<l, s = x/A, and k=n(s)/n(s=-m). Here, ¢ determines
the magnitude of the density change across the boundary layer
A. The boundary condition is 3n/9s = 0 at the boundaries

(i.e., |s]|>>1) and n(|s|] =+ «,t) = n(|s| + =»,0). We chocse &t

10




sufficiently small so that the Courant-Levy condition is sat-
isfied to prevent numerical instability. The grid size As is
varied to insure that an asymptotic solution is obtained as

As +0. For the results presented below we choose €¢ = 0.9 so
that the density changes approximately an order of magnitude
across the boundary layer A. For different values of ¢, the
results remain qualitatively the same although quantitative
changes occur. We also point out that A is a constant which
characterizes the initial width of the boundary layer. However,
A is not the same as the scale length of the density gradient
Ln' The density gradient scale length is defined by

Ln = A[d ﬁln/dsjl and varies across tﬁe boundary layer, It

is the density gradient scale length Ln that is critical to the

excitation of drift instabilities and not A.

A. Classical Diffusion

We expand Eq. (10) to obtain

2 32n,

N
3 an v
i -2) +x 2 (1)
°T o8 3s?
cl
° 2
where 1 .= v .t (p %2/2%2). The solution to this equation is shown
ch cl es

in Figure 1 which plots ;(s,r) vs. 8 at times T, 0.0, 0.2,

A
and 0.4. As is expected, the width of the boundary layer is in-
creasing with time. Note that diffusion is occurring more

rapidly in the region >0 than the region s<0. This occurs

because of the density dependence of the diffusion coefficient.

11




Since Dc “n and the density is greater for 8>0 than 8<0, the

2
diffusion coefficient is larger for 8>0 and faster diffusion
takes place in this region,.

In figures 2a and 2b, we plot the spatial and temporal
variation of the inverse density gradient scale length. 1In
Figures 2a we show A/Ln vs. s(where X/Ln = (1/;) 3:/33) for
Tog = 0.0, 0.2 and 0.4. The shortest density gradient scale

lengths exist in the region 8<0 due to the (1/3) dependence of
1

Ln .. However, it is interesting to note that the maximum in-
verse gradient scale length actually increases during the initial
evolution of the demnsity profile. This is better shown in

figure 2b, which plots (A/L_) vs.

n’max Teg® The inverse gradient

scale length increases ~20% in a time L v 0.06. After this
time it decreases monotonically.

The reason for the initial steepening of the density pro-

file can be understood as follows. From Eq. (14) we find that

2
n(s,T+AT) ~ [(s, 1) + At [(33/38) + o 323/332] (15)

for AT<<T. A portion of the inittal profile n(s,t) is shown in
Figure 3 by the solid line (not drawn to scale), and we have
isolated 3 points (sgp, s} ,82). Note that (3an/3s)? > 0 and
(921/382) > 0 for the region shown so that both terms in the
brackets of Eq. (15) initially tend to ?ncrease the density for
8g<s<sp. At s=s) the density increases an amount Axl and at
s=87 the density increases amount Agl, in a time At., However,
An}l\n}‘ since (a?«‘./as)sz>(aﬁ'/aé)51, and n >r'\1'1. This can be shown

2
easily if we take ing in the region sg<s<s,.

12




Physically, since Dxn, the diffusion coefficient is larger at

s, than s; and more particles diffuse to s; from s>s; than to

s; from s8>s;. Thus, a steepening of the density profile occurs.
This process continues until 32?1'/332$0 at s=s; 8o that 4n, ~An,.
Thie can be seen by noting the evolution of n and ( VLn) at

s=8) in Figures 1 and 2a. At T = (0.2 the density profile has
steepened (i.e., A/Ln has increased from its value at t=0.0)
and 3%1/282>0. However, at T = 0.4 the profile has become less
steep (i.e., A/Ln has decreased from its value at v = 0.2) and
32n/38%< 0.

B. Anomalous Diffusion

We rewrite Eq. (11) as

n, N N v

3n 1 3n 1 an \? 32n

3T l: s Tn ( 8 ) +2 as? (16)
an n n

where Tan ™ (6n/9)(pesz/A‘)(rLiIX) Qet. Note the explicit de-
pendence on A/Ln so that diffusion only occurs in regions of the
plasma density gradient (i.e., only the regions which can 3upport
drift waves). The temporal evolution of the initial profile
n(s,1=0) is shown in Figure 4 for times Tan-0.0, 1.0, and 2.0.
In contrast to the classical diffusion process, the largest
amount of diffusion 18 occurring in the region 8<0. This is
simply due to the fact that Dan is largest in this region. The
spatial and temporal evolutions of (X/Ln) are shown in Figures
5a and 5b. In Figure 5a, it 1s clear that (A/Ln) is more per-

vasive for s8<0 than s8>0, Also the maximum inverse gradient

13




scale length is decreasing in time. This is shown in Figure

59, which indicates that (X/Ln)n‘x decreases monotonically in
time and has decreased by 250% during the time period consider-
ed. This result is consistent with the notion that the effect
of the drift instability is to smooth out the plasma density

gradient. {

V. APPLICATION TO EQUATORIAL SPREAD F

It has been shown that both classical and anomalous dif- ] ’
fusion processes tend to smooth out density gradients. The
question remains as to which process dominates during equatorial
spread F. The key parameter which can answer this question is
the time scale of each process. In Table I we contrast the
classical and anomalous diffusion time scales for parameters

typical of equatorial spread F. We remind the reader that

o

Classical: t , = (Azlpesz) /N, (1r)

1
ct ('

Anomalous: tan = (9/4n) (Azlpeaz) (A/rLi) ran/ne (18)

° - - - a0 2 = 2 - 3y
where Ve Ver (n(s )), Peg (Te+T1)/mene . (Tfhi)vq.
a, = elol mc and X 18 the initial scale length. We choose

5 <3
Te = T1 = 0.1 eV, B = 0.3 G, n(s=-»)=10 cm and consider an 0+

plasma. For these parameters we find that Pes ™ 3.5. cm,

1 6 =1
= 4,3 m, vc: = 130 sec and Qe = 5,3 x 10 sec . The

time scales Eqs. (17) and (18) are shown in Table I for several

Ly

initial scale lengths, A= 50 m, 100 m, 200 m, and 500 m. The




corresponding minimum initiel density gradient scale lengths are
Ln=h0 m, 80 m, 160 m, and 40O m where.Ln-(dan/dx)-l. It should

be noted immediately from Table I that the time scale for the clas-
sical diffusion process is hours while that for the anomalous d4dif-
fusion process is minutes. As anticipated from Eq. (7), clas-
sical diffusion is a much slower process than anomalous dif-
fusion for the F region ionospheric plasma. Moreover, since

the initial tendency of classical diffusion is to steepen the
density profile, at least an hour passes before the density
gradient begins to weaken for the situation in Table I. On the
other hand, the action of the anomalous diffusion process is to
always smooth out the density gradient. For initially steep
gradients (LnISIOO m), wave turbulence can double their scale
lengths in several minutes (t £S5 min). However, several hours

are needed to diffuse density profiles to scale lengths on the
order of a kilometer. In order to significantly diffuse density
gradient scale lengths greater than a kilometer, many hours are

required (28 hrs.) since tan«x3

There is experimental evidence that suggests steep density

gradients (Lnﬁ 100 m) relax in a time £ 5 minutes, Szuszczewicz
et al.(1980) has observed intense 1 m backscatter from the ALTAIR
radar at Kwa)alein during the decay phase of equatorial spread F,
The most intense backscatter esignal appears to decay away on the
time scale <5 minutes. Presumably, very sharp density gradients
exist to produce the 1 m density fluctuations via lower-hybrid-drift
instability (L < 100 m). Since anomelous diffusion can smooth

out the sharp density gradients on this time scale, then it is

15




likely that the lower-hybrid-drift mode is also suppressed on

this time scale. This would cause the 1 m backscatter signals
to weaken consideradbly, consistent with observations. Also, as
indicated earlier, in the decay phase of equatorial spread F,
the smallest density irregularity scale-sizes disappear first,

(Basu et al., 1978; Basu, 1980), i.e., 36 cm backscatter fades

before the 1 m backscatter, the 1 m backscatter fades before the
3 m backscatter, and so on, which is also consistent with an
anomalgus difTusion process due to drift waves since tan“ A3,
On the other hand, large scale density irregularities (EIZIlkm)

are observed to decay in several hours (Basu et al., 1980;

Aarons et al., 1980) and this process cannot be explained by

diffusion, even anomalous diffusion.

Vi. CONCLUSION

The purpose of this paper is to examine the diffusion of

density irregularities during equatorial spread F, We have con-

sidered both classical and anomalous diffusion processes. A

major assumption in our analysis is that ary driving mechanism [
which produces the density irregularities (IHIS several hundred
meters) has ceased. Presumably the small-scale irregularities
are generated nonlinearly from a macroinstability (e.g., Rayleigh-
Taylor). Thus, we limit our attention to the decay phase of
equatorial spread F.
Experimentally, diffusion seems to be the dominant process
which smoot..s out sharp density gradients (Ln Sseveral hundred

meters). This is based on the fact that the diffusion time is

16

w" m ‘3‘4;:’._5;-.1"‘. .




proportional to some power of the diffusion length [Eqs. (17)
and (18)]. Thus, the shorter density gradient scale lengths

diffuse away before the longer ones. Observationally this

is suggested by the order of the decay of radar backscatter
signals (i.e., the shortest ones fade away first ) which
are due to drift wave turbulence. Also the time scale
associated with this process is of the order of minutes.

Based on our analysis, we find that 2u anomalous diffusion
process is consistent with these observations while classical
diffusion is much too slow. The anomalous diffusion is based
upon drift wave turbulence presumed to exist at wavelengths
such that eri~l. We have considered an explicit model for the
anomalous diffusion coefficient based upon the collisionless
universal drift instability. Although collisions probably
modify the dispersive properties of the mode, the anomalous dif-
fusion coefficient is not expected to be significantly different

(neither qualitatively nor quantitatively). On the other hand,

diffusion of large scale irregularities (A 2 1 km) does not
seem possible since the time scale associated with this process
is many hours ( 28 hrs.!. Another mechanism must occur to
smooth out these irregularities, e.g., shorting out to the E
region {(which continuously builds up in the morning hours).

A possible scenario is that anomalous diffusion causes the
gradient scale lengths Ln % several hundred meters, which drive
the radar backscatter observed irregularities (£ 3 m), to dis-

appear on time scales of the order of minutes. Radar backscatter

observed irregularities ( £3 m), themselves without the driving




gradient scale lengths, can disappear by either classical or
anomalous diffusion. Scintillation causing irregularities

(>1 km) cannot decay by either classical or anomalous diffusion
because it requires too much time (> 8 hrs.). However, these
long wavelengths can couple effectively via the high conductivity
along the geomagnetic field, to lower regions (i.e., E regions)
of the ionosphere (both north and south of the equator). As
these E regions build up conductivity they short out the polar-
izatién electric field associated with the long wavelength ir-
regularities and so short out the irregularities. The time
scale for the conductivity buildup would be shorter than the
time required for these long wavelengths to disappear by

diffusion.
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Fig. 1 — Classical diffusion process showing 1i (s, ) vs. s for 7,¢ = 0.0, 0.2, 0.4 ,
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Fig. 2 — Spatial and temporal evolution of A/L,,, the inverse scale length of the
density gradient, for a classical diffusion process. (a) Spati-* olution of A/L,
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Fig. 3 — Schematic of Tl vs. s to show initial steepening of the density profile
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TABLE 1.

Classical and Anomalous Diffusion Time Scales

for Parameters Typical of Equatorial Spread F

CLASSICAL DIFFUSION

T = 0.0 T = 0,2 T = 0.4
A(m) pﬂ‘m) Lgfp) tcg(hra) Ln(m) tcz(hts)
50 40 38 0.9 47 1.8
100 80 76 3.5 94 7.0
200 160 152 14.0 188 28.0
500 400 380 90.0 470 180.0
ANOMALOUS DIFFUSION
T = 0.0 T =1.0 T = 2.0
A (m) L (m) L, (m) t,,(min) L, (m) can(min)
50 40 71 0.1 90 0.2
100 80 142 0.9 181 1.8
200 160 285 6.9 363 13.9
500 400 714 108.0 909 216.0




APPENDIX

We present similarity solutions to the nonlinear classical

and anomalous diffusion equations (Eqs. (10) and (11)).
1. Classical Diffusion
The classical diffusion equation, i.e., based on the
Coulomb electron-ion collision frequency, has received consider-
able attention. A variety of similarity solutions exist depend-
ing upon tie initial conditions and the boundary conditions.
One solution is given in Longmire (1963),

We consider the equation (which is (14) recast)

a Wy
dan  _ 1 32qn
9T 2 3s? (Al)
and search for solutions of the form
3 = 12 g (s/rb) (A2)
where a and b are constants, Defining a new variable
£ = s/rb (A3)
and substituting Eqs. (A2) and (A3) into Eq. (Al) vields
N 2a~2b N
a-1 n _n-8-1 _.3n _ 1 32n (A4)
art n(f) -br Eag 27 —5e2
We require
a®= 2b -1 (AS5)
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8o that the powers of t cancel. In order to determine a and b

|

[ we impose the added condition that the plasma can diffuse freely
|

|

| (1.e., Jhﬁds = constant), This leads to the requirement that

a+b =20 (A6)
Thus, from Egs. (A5 and (A6) we obtain
a =~ 1/3; b = 1/3 (A7)

and Eq. (A4) becomes

") N
1~ 1 3n 1 32n2
-3 n(eg) - 3 & 3¢ 7 2¢2 ° .(A8)
The solutions of Eq. (A8) require % vanish at some point so
that the plasma occuples a finite region at any time. We choose
8 = & 8 (the vanishing point) at 1 = T The density is then
‘ given by
v s02 8 ’ To 2/3
n (s,1) = RIERTE 1 - = (A9)
61 Tl/j s K
o o

Note that if the initial density at the origin is go = 1 and
the initial scale length is s, = 1 (x~v1), the time it takes for

the scale length to double is

T
& cl v

(A10)

o~




which is comparable to the numerical results. It is important
to recognize a major difference between the similarity solution
Eq. (A9) and the ionospheric problem. Equation (A9) considers
the diffusion of a density enhancement as opposed to a density
depletion which occurs in the ionosphere. One difference 1is
the initial steepening of the density profile for a depletion.
This effect does not occur for an enhancement. However, the
asymptotic solutions of both problems yield comparable time
scales.

2, Anomalous Diffusion

We consider the equation

an _ 2 ff1 amf e (A12)
T s N s s
n
and look for solutions of the form
a
n =1+~ Sexp (-v(x)) (A13)

where x = sa/rb and 0<é6<]1 substituting Eq (Al13) into Eq. (Al2),
we find a = 3 and b = | where y(x) satisfies the nonlinear dif-

ferential equation

\ 2 2
()58 - o

For large x, the solution to Eq. (Al4) is
Y 1
= = AlS
v x°+ 0 (X%) ( )




-

A= 1-5 exp [-— (s3/r);’] (Al16)

This solution more closely resembles the ionospheric problem
since it represents a density depletion being filled with plasma.
Equation (Al16) predicts that the scale length of the density
sheath broadens at a rate proportional to Tan1/3' This 1is

slightly faster then the results shown in Figure 5 for ()./Ln)max
ve. T_. which is not surprising owing to the approximations

made in obtaining Eq. (Al6).
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COMMANDER _
FOREIGN TECHNOLOGY UIVISION, AFSC
WRIGHT-PATTERSON AFB, Uh 45433
ulcy ATTN n(CD LIBRARY
O1CY ATTN ETLP K. BALLARD

COMMANDER R
NOME AIR UEVELOPMENT CENTER, AFSC
WRIFFISS AFB, NY 13441
U1cy ATTN DOC_LIBRARY/TSLL
Qlcy ATTN OCSE V. Covne

SAMS0/ST

POST OFFICE Hox 9290

WORL DWAY Posm CENTER

LOS ANGELES. CA

(SPACE DEFENSE SYSTEMS)
O0lcy AT SZJ

STRATEGIC AIR Com/XPFS
OFFUTT AFB, NB 08113
Qlcy ATTN XPFS__iAJ B. STEPHAN
Qicy ATTN ADWATE MAy BRUCE BAUER
Q1CY ATTN NRT _
J1CY  ATTN DOK CHIEF SCIENTIST

SN‘SO/SK
J. 30x 92960
-om.umv Posm. CENTER
LOS ANGELES, (A 30008
0lcy ATTN SKA  (SPaCE ComMM SYSTEMS) M.

SAMSO/MN_

NORTON AFB, (A 32008
(MINUTEMAN)

Qlcy ATTN MNNL  LTC KENNEDY

Comm
ROME A'a DEVELOPMENT CENTER, AFSC
HANSCOM AFB, A 01731

ey ATTN tEP A, LORENTZEN

CLAVIN
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DEPARTMENT OF ENERGY
ALBUQUERQUE OPERAT IONS UFFICE
0. Box 5400
ALBUQUERQLE, W 57115
0lcy ATTN 0OC CON FOR D, SHERWOOD

DEPARTMENT OF ENERGY
LIBRARY ROOM G042
WASHINGTON, D.C. 20545
0lcy ATTN UOC CON FOR A. LABOWITZ

€386, INC.
L0S ALAMOS DIVISION
P. 0, Box 809
LOS ALAMOS, NM 85544
01y ATTN DOC CON FOR J. EREEDLOVE

UNIVERSITY OF CALIFORNIA

LAWRENCE LIVERMORE LABORATORY

P. 0. Box 808

LIVERMORE, (A 94550
0lcy ATTN DOC CON For TecH InFo Depr
Qlcy  Arn DOC CON For L-389 R, OFT
Q1cy ArTN DOC CON FOR L-31 R, HAGER
Q0lcy Arvn DOC CON FOR L-46 F. SEWARD

L0s ALN‘DS %%ENTIFIC LABORATORY

P. Q.
Los Pums NM 37545
0lcy ArTN Doc CON FOR J. WOLCOTT
01cy ATTn Doc CON FOR R. F, TASCHEX
01cy ATTN DoC CON FOR E. JONES
01cy ATTN DoC CON FOR J. MALIK
Qlcy ArTn Doc CON FOR R. JEFFRIES
01cr  ATTN Doc CoN FOR J. ZINN
Qlcy  ATTN UOC CON FOR P, KEATON
01cy ATt DoC CoN FOR D. WESTERVELT
SANDIA LABORATORIES
P Box 5800
ALBUQUERQLE, NM 27115
0lcy ATTN DOC CON FOR J. MARTIN
Q1cy ATTN DoC CON FOR W, IROWN
01cy ATTN Doc CON FOR A. THORNBROUGH
01cy ATTN Doc CON FOR T. WRIGHT
Qlcy AvTn Doc CoN FOR D. DAHLGREN
Otcy  ArTn Doc Con For 3141
0icy ATTN Doc CON FOR SPACE PROJECT DIv

SANDIA LABORATORIES

L IVERMORE LABORATORY

P, 0. dox 969

LIVERMORE, (A 945850 )
01cy ATTN DoC CON FOR B, MURPHEY
0lcy ATTN DOC COoN FOR T, Cook

OFFICE OF MILITARY APPLICATION

DEPARTMENT OF CNERGY

WASHINGTON, D.C. Z05HS )
01cy ATTN wocC CON FOR D, GALE

(THER LOVERNMENT

CENTRAL [NTELLIGENCE AGENCY
ATTN RD/SI. RM 56“8, r10 BLDG
WASHINGTON. D.C.

Jlcy ATTN OSI/PSID RM SF 19

DEPARTMENT OF COMMERCE
NATIONAL BUREAU OF STANDARDS
WASHINGTON, D.C, 20234
(ALL CORRES: ATTN SEC OFFICER FOR)
01CY ATTN R. MOORE

[NSTITUTE_FOR TELECOM SCIENCES

NATIONAL TELECOMMUNICATIONS & INFO ADMIN

BOWDER, CO 30303
JICY ATTN A.
QICY ATTN W,
0ICY ATTN D,
VICY ATTN L,

JEAN ‘UNCLASS ONLY)
UTLAUT

LROMBIE

HERRY




NATIONAL UCEANIC & ATMOSPHERIC ADMIN
CNVIRONMENTAL RESEARCH LABORATORIES
LEPARTMENT OF (OMMERCE
Bou_pER. (0

Olcv ATTN R, GRuBB

01cY ATTN AERONOMY LAB G, REID

DEPARTMENT OF DEFENSE CONTRACTORS

AEROSPACE CORPORAT ION

P. 0. Box 929%

LOS ANGELES. CA 90008
Qlcy  ATTN [. GARFUNKEL
O1cv ATTN T, SALMI

0lcy ATTN N. STOCKWELL
Olcy ATTN D. OLSEN
Olcy ATTN SMFA FOR PWW

ANALYTICAL SYSTEMS ENGINEERING CORP
S OLD CONCORD ROAD
BURL INGTON, MA 01803

01cy ATTN RADIO SCIENCES

BERKELEY RESEARCH ASSOCIATES. INC.
P. 0, Box 983
BERKELEY. (A WD)

Q1CY ATTN J. WORKMAN

BoEING COMPANY, THE

P. 0. box 3707

SEATTLE, WA 98124
0Icy ATTN G. KEISTER
01cY ATTN D. MURRAY
Q1cY ATTN G. HALL
ey ATTN J. KENNEY

CALIFORNIA AT SaN DIEGO. uﬁv oF
P.0. Box 6049
SaN Dieco, CA 2106

BROWN ENGINEERING COMPANY, INC.
CUMMINGS RESEARCH PARK
HUNTSVILLE, AL 35807

Q1cy ATTN ROMEQ A, LELIBERIS

CHARLES STARK DRAPER LABORATORY, INC.

Qlcy ATT™~ U. B. Cox
01cy ATTN J. P. GILMORE

COMSAT _ABORATORIES

LINTHICUM ROAD

CLARKSBLRG, MD 20734
ulcy ATTN L. HYDE

CORNELL UNIVERSITY
DEPARTMENT OF ELECTRICAL ENGINEERING
[THACA, Y 14830

Olcy wTTN D, T, FARLEY R

CLECTROSPACE SYSTEMS, INC.
20X 1355
RICARDSON, TX 75080
Jlcy ATTN m, LOGSTON
J1CY  ATTN SECLRITY (PALL PHILLIPS)

cSL INC.

495 LAVA (RIVE

SUNNYVALE, LA
J1CY ATTN J. ROBERTS
JicYy  ATTN JAMES MARSHALL
JICY ATTN o, W, PRETTIE

GENERAL ELECTRIC COMPANY
SPACE DIVISION
VALLEY FORGE SPACE CENTER
GODDARD BLVD KING OF PRUSSIA
P. 0. Box 8555
PHILADELPHIA, PA 19101
0lcy ATTN M. r. BORTNER SPACE SCI LaB

GENERAL ELECTRIC COMPANY
P, 0. Box 1122
SYRACUSE, WY 13201

01cY ATTN F. REIBERT

GENERAL ELECTRIC COMPANY
TEMPO-CENTER FOR ADVANCED STUDIES
816 STATE STREET (P.Q. LRAWER W)
SaNTA BaRBaRA, Ca 93102
Qley  ArTa UASIAC
Q1cy ATTN DON CHANDLER
0lcy ATTN JOM BARRETT
uicY ATTN TIM STEPHANS
UICY ATTN WARREN S. «NAPP
01CY ATTN WILLIAM MCNAMARA
QlcY ATTN 8. GAMBILL
UICY ATTN MACK STANTON

GENERAL ELECTRIC TeCH SERVICES CO.. INC.

COURT STREET
SYRACUSE., NY 13201
0lcy ATTN G, MILLMAN

GENERAL RESEARCH CORPORATION
SANTA BARBARA DIVISION
P. 0. Hox 6770
SANTA BARBARA, (A 93111
01CY ATTN JOHN [SE R
01cY ATTN JOEL GARBARINO

GEOPHYSICAL INSTITUTE
UNIVERSITY OF ALASKA
FAIRBANKS, AK 99701
(ALL CLASS ATTN: SECURITY (FFICER)
Qlcy ATTN T. H. DAVIS (UncL ONLY)
Q1cY ATTN NEAL BROWN (UNCL OnLY)
Qlcy ATTN TECHNICAL LIBRARY

GTE SvLvaniA., INC.
ELECTRONICS SYSTEMS GRP-tASTERN DIV
77 A STREET
NEEDHAM, A (02194 .
01cy ATTN MARSHAL CROSS

[LLINOIS, UNIVERSITY OF

107 COBLE HALL

150 DAVENPORT HOUSE

CHAMPAIGN, [L 61820
(ALL CORRES ATTN DAN MCCLELLAND)
Olcy For K. YEH

INSTITUTE FOR DEFENSE ANALYSES

u00 ARMY-NAVY DRIVE

ARLINGTON, VA
01cy ATTN J. M. AEIN
Q1CY ATTN ERNEST BAUER
01CY ATTN HANS WOLFHARD
U1CY ATTN JOEL BENGSTON




s

HSS, INC.
2 ALFRED CIRCLE
BEDFORD, MA 01730
01cy ATTN DONS_D HANSEN

INTL TEL & TELEGRAPH CORPORAT[ON
500 WASHINGTON AVENUE
MTLEY, & 07110

0lcy ATTN TECHNICAL L1BRARY

JAYCOR
1401 Camino DEL MAR
DEL Mar, CA 92014
Qlcy ATTN S, R, GOLDMAN

JOHNS rOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY

JOHNS HOPKINS ROAD

{AUREL, MD 20810
Qlcy ATTN DOCUMENT LIBRARIAN
QJicy ATTN THOMAS POTEMRA
01cY ATTN JoHN DASSOULAS

LOCKHEED MISSILES & SPACE CO INC
P. 0. Box 504
SUNNYVALE, (A 94088

Olcy ArTn DePT 80~12

Qlcy ATTN D. R, CHURCHILL

LOCKHEED MISSILES AND SPACE (0 INC

3251 HANOVER STREET

PALO ALTO, CA 94304 _
Qlcy ATTN MARTIN WALT DEPT 52-10

UICY ATTN KICHARD G. JOHNSON DEPT 52-12

Olcy ATTN W, L. [mHOF DEPT S52-12

KAMAN SCIENCES CORP

P, 0, X /%3

COLORADO SPRINGS, (0 30933
Qlcy ATTN 7. MEAGHER

LINKABIT CORP
10453 HOSELLE
SAN D160, A 92121
01cy ATTN [RWIN UACOBS

M. 1.T. LINCOLN LABORATORY
2, 0, 73

LEXINGTON, A 02173
Olcy ATTN DAvID M. TOMLE
Qicy ~TTN P. WALDRON
O1cy ATTN L. LOUGHLIN
vicy ATTN D. (LA

MART IN MARIETTA (ORP
URLANDO UIVISION
P, 0. dox 5837
ORLANDD, FL 32805
JicY ATTN R, HEFFNER

PHYSICAL UYNAMICS INC.
P. 0. Box 3077
BELLEVUE, WA 98009

01cY ATTN E. J. FREMOUW

PHYSICAL LYNAMICS INC.

P. v, tox 1036/

UAKLAND, (A, 94610
ATTN: A, THOMSON

R & U ASSOCIATES

P, 0, ooX %35

MARINA DEL REY, (A 9029)
JICY ATTN FORREST GILMORE
UICY ATTN IRYAN GABBARD
Qicy ATTN WILLIAM B, WRIGHT R
Q1cY ATTN ROBERT F. LELEVIER
QlcY ATTN WILLIAM J. KARZAS
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RAND CORPORATION, THE

1700 MAIN STREET

SANTA MONICA, Ca 90406
01cY ATTN CULLEN CRAIN
0lcy ATTN £D BEDROZIAN

RIVERSIDE RESEARCH INSTITUTE
80 WEST END AVENUE
NEW YORK, nY

01CY ATTN VINCE TRAPANI

SCIENCE APPLICATIONS. [NC.
P. V. HOX 2&51

O1CY ATTN LEWIS M, LINSON
Q1CY ATTN UANIEL A, HAMLIN
01cy ATTN D. SAcHs

Q1CY ATTN E. A. STRAKER
0lcy ATTN CurTIS A, SMITH
01cY ATTN JAack McDOUGALL

RavTHEON (O,
528 BOSTON POST_ROAD
SUDBURY. MA 01776

0lcY ATTN BARBARA ADAMS

SCIENCE APPLICATIONS. INC.

1710 GOODRIDGE R.

MCLEAN, VA 22102
ATTN:

LOCKHEED MISSILE & SPACE C0., INC,
HUNTSVILLE RESEARCH & ENGR. (TR,
4800 BRADFORD DRIVE
HUNTSVILLE, ALABAMA

ATTN: UALE H. DAVIS

MCDONNELL. DOUGLAS CORPORAT TON
5207 HOLSA AVENUE
HUNTINGTON BEACH, CA 92647
01cy ATTN N. HARRIS
ICY ATTN J. MOWE
01CY ATTN LEORGE MROZ
VICY ATTN W. ULSON
01cY ATTN R. W, HALPRIN
01CY ATTN TECHNICAL LIBRARY SERVICES

MISSION RESEARCH CORPORATION

735 STATE STREET

SANTA BARBARA, (A 23101
O1cY ATTN P, FISCHER
0lcy ATTN W. r. (REVIER
QI1CY ATTN STEVEN L. WTSCHE
Q1CY ATTN D. SAPPENFIELD
Q1Y ATTN R. nOGUSCH
Qicy ArTn R. nENDRICK
QI1CY ATTN RALPH KILB
01CY ATTN DAVE SOWM.E
QI1CY ATTN F. FAJEN
QTcy ATTN M. SCHEIBE
Qlcy ATTN CONRAD L. LONGMIRE
Q1cY ATTN WARREN A. SCHLUETER

MITRE CORPORATION, THE

QI1CY ATTN G. HARDING
Qlcy ATINC. €.

miTRe CORP
WESTGATE RESEARCH PARK
1820 DoLLY MADISON &LvD
Mclean, va 22101
Qlcy ATTN W, HALL
01CcY ATTN W, FOSTER

PACIFIC-SIERRA RESEARCH CORP
1456 CLOVERFIELD BLvD,
SANTA MONICA, Ca  JO4OM

0lcy ATTNE. (. FLELD R




?EWLVM!& STATE UNIVERSITY

gmsﬂﬂ! SEARCH LAB
318 ELECTRICAL ENGINEERING EAST
UNIVERSITY Park. PA 16802

(NO CLASSIFIED YO THIS ADORESS)
Otey RESEARCH

ATT™N [ONOSPHERIC

PHOTOMETRICS, INC.
42 MARRETT ROAD
LEXINGTON, MA 02173
0%y ATTv IRVING L. KOFSKY

TECHNOLOGY [NTERNATIONAL CORP
75 WIGGINS A
BEDFORD, Ma 01
Olcy ATTN W, P. BoqQuisT
THW DEFENSE & SPACE SYS GROUP
ONE SPACE PARK
REDONDO BEACH, CA 90278
Qlcy ATTN R. K. PLEBUCH
01cy ATTN S. ALTSCHULER
Olcy ATT™N D. Deg

SRI INTERNATIONAL
3 RA

2“.0 PARK., A%

§
:

greE
e
i

g
B

G
-
Rép

3333393339333337
R

o_<xc.mm

:

§

L




[ONOSPHERTC. MOTFLING DISTRIBITION LIST
INCLASSIFTED ONLY

PLEASF DISTRIRUTE ONE COPY TD EACH OF THE FOLLOWING PFOPLE:

ADVANCED RESEARCH PROJECTS AGENCY
(ARPR)

STRATEGIC TECHNOLOGY OFFICE
ARLINGTON, VIPGINIA

CAPT, DonaLD M. LeVing

NAVAL RESEAPCH L ABORATORY
WASHINGTON, 0.C, 20375

DR, P. ManGE

DR, K. MEIER

De, £, Szuszczewicz - Core w127
™, J. CoooMan - CODE 7560

SCIENCE APPLICATIONS, INC.
1250 PROSPECT PLAZA
LA Jota, CALIFORNIA 92037

R, D. A,
e, L.
Mr. D.

HAMLIN
Linson
SAcHS

DIRECTOR OF SPACE AND ENVIRONMENTAL
LABORATORY NCAA
RouLDer, CoLorapo 20302

. GLENN JEAN
. G.
DR, D, N
™. K,
R, R.

A, F. GEOPHYSICS LABORATORY
L. R, HansOM FIELD
BepForp, Mass, 01730

DR, T, ELKINS

DR, W, SwIDER

MRS, R, SAGALYN
™. J. M, FORPES
M. T. J. KENESHEA
", J. AARONS

-
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O=FICE OF NAVAL RESEARCH
200 NooTH QUINCY STREET
AoLINGTON, VIRGINIA 22217

IR, H. MaLANEY

COMMAMDER
NAVAL OCEAN SYSTEMS CENTER
SAN D1EGO, CALIFORNIA 92152

M, R, Rnse - Cone 5321

1), S. ARMy ARERDEEN RESEARCH AND
DEVELOPMENT CENTER

BALL ISTIC RESEARCH LABORATORY

ABERDEEN, MARYLAND

DR, J. HEIMERL

COMMANDER

NavaL AIR SysTems CoOMMAMD
DEPARTMENT OF THE NAVY
WasHINGTON, D,C, 20360

R, T. Czuea

HARVARD UNIVERSITY
HARVARD SQUARE
CAMBRIDGE, Mass., 02138

™R, M. B, McELRrROY
DR, R. LINDZEN

PENNSYLVANIA STATE UINIVERSITY
UNIVERSITY PARK. PENNSYLVANIA 16802

S. NISRET
R. ROHRBAUGH
A. CARPENTER
LEE

Drvany
RENNETT

. XLEVANS
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